Introduction
In recent years, analytical systems utilizing microfluidic devices, called "micro total analysis systems" (μ-TAS), [1] [2] [3] [4] have been extensively studied. They perform a series of procedures on a small microchip, such as pretreatment including sample extraction and derivatization, separation, and detection. The most attractive characteristics of microchip separation arise from its size. Scientific interest in μ-TAS is mostly derived from the very fast diffusion process. Diffusion effects are inversely proportional to the square root of the length. A very small microchannel space accelerates the diffusion-controlling reaction. 5 However, most of the microchannel chips, which are commonly used for μ-TAS, are a tightly closed microflow chamber or flow path. Consequently, these devices need a special connection device interfacing microchips with an input/output device and special highly sensitive detection devices, due to the ultramicro fluidic system. Realizing a reduction of the sample and the size effect using an open-flat type microdevice has been rarely reported.
The ink-jet device is a very important industrial technology. This technology has become very important not only for use in ink-jet printers, but also in various fields for dispensing nanoand pico-liter levels of liquid droplets with accurate control of both the volume and the velocity. 6 Typical applications are high-throughput screening, genomics, 7 and combinational chemistry. [8] [9] [10] [11] Some ink-jet type dispensings have been used in many areas of chemistry and science, including the fabrication of biosensors, 12, 13 sample introduction for mass spectrometers, 14, 15 and sample introduction for capillary electrophoresis (CE). 16, 17 In our previous studies, an ink-jet microchip was used for the introduction of nano-droplet samples in a thermal-conductivity detector (TCD), 18 a laboratory-made atomic emission detector (AED) 19 and the interface between liquid flow and a flame ionization detector (FID). 20 Some advantages of the small-sized ink-jet microchip as an injection device of analytical instruments are considered to be its easy set up, easy control of the number and volume of the injection by changing the electric parameters (piezoelectricdriven voltage, frequency and pulse wavelength, etc.). Furthermore, using small droplets from the ink-jet microchip is expected to have the following effects: (1) reduction of the sample volume, (2) use for high-throughput screening, (3) rapid mixture on the basis of molecular diffusion, (4) accretion of a specific interfacial area, and (5) increasing the evaporation of a liquid sample. Neugebauer and coworkers applied the ink-jet microchip to fast-scan cyclic voltammetry (FSCV), and performed analyses on ultrasmall volumes; the FSCV signal increased as the concentration of the analyte increased. 6 Laurell and coworkers applied the ink-jet microchip to matrix-assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF-MS) by developing spotting machine target plates. 21, 22 Ressine and coworkers applied the ink-jet microchip to microarray.
In our previous study, we reported on a surface reaction system using a microliter water pool on an open-well microchip. 25 The smaller sample amount realized a faster reaction rate due to the smaller diffusion length. In this paper, we describe an open-type μ-TAS system. A nanoliter water pool made of an ink-jet microchip was used as an ultramicro reaction chamber. A dispensing system using an ink-jet microchip for pico-, nanoliter droplets was developed. The nanoliter droplet, spotted on a hydropholically patterned PDMS surface, was constructed as a reaction vessel. Mixing, dilution, reaction and detection were carried out in the nanoliter droplet by using this system.
Experimental

Chemicals and materials
All reagents used in this study were of analytical reagent grade, unless otherwise stated. Sodium dihydrogenphosphate, disodium hydrogenphosphate, sodium hydrogen carbonate and sodium carbonate were obtained from Kanto Chemicals (Tokyo, Japan). Glycerin, 2-amino-2-hydroxymethyl-1, 3-propanedial (Tris), dimethyl sulfoxide (DMSO), sodium chloride, hydrochloric acid, 30% hydrogen peroxide and pH standard solutions were purchased from Wako Pure Chemical Industries (Osaka, Japan). ELISA-grade horseradish peroxidase (HRP) was purchased from Biozime Laboratories (UK). Bovine serum albumin (BSA) was purchased from Calbiochem (San Diego, CA, USA). 10-Acetyl-3,7-dihydroxyphenoxazine (Amplex ® Red) was purchased from Molecular Probes (USA). A human immunoglobulin A (IgA) ELISA quantitation kit was obtained from Bethyl Laboratories, Inc. (Montgomery, TX, USA). Water was purified on a Milli-Q system (Nihon Millipore, Tokyo, Japan). The Tris buffer was prepared from 2-amino-2-hydroxymethyl-1, 3-propanedial (Tris) and hydrochloric acid. The phosphate buffer was prepared from dihydrogenphosphate and disodium hydrogenphosphate. The carbonate buffer was prepared from sodium hydrogen carbonate and sodium carbonate. All buffers were filtered through a 0.45 μm membrane filter (JHWPO 4700, Nihon Millipore, Tokyo, Japan) and degassed with an aspirator before use. The precursor of PDMS (SYLGARD ® 184 silicone elastomer) and a curing agent of PDMS (SYLGARD ® 184 silicone elastomer curing agent) were purchased from Dow Corning Corp. (Midland, MI, USA).
Ink-jet microchip used in this study
An ink-jet microchip for an ink-jet recorder (Fuji Electric Systems Co., Ltd., Tokyo, Japan) was modified for this study.
A schematic diagram of the ink-jet microchip is shown in Fig.  1 . When a voltage is applied to the piezoelectric element and the cavity with the liquid is compressed, droplets of liquid are ejected from the tip of the nozzle. The nozzle of the ink-jet microchip has a rectangular shape (78 μm width, 38 μm depth).
An air bubble inside the chamber sometimes interferes with ejection of the liquid droplet. Therefore, in order to prevent bubble formation inside the chamber, 20% (v/v) Extran MA 01 alkaline (Merck, Ltd., Tokyo, Japan) diluted with Milli-Q water was introduced into the microchannel by a syringe and stored for about 30 min. The microchannel in the ink-jet microchip was then washed with Milli-Q water.
Detection system for the surface reaction in droplet
The detection system consisted of an incident light fluorescence microscope setup (BX-51, OLYMPUS, Tokyo, Japan). The filter set was an XF102-2 (OLYMPUS). The microscopic fluorescence analysis system was used for detecting of Resorufin formed by a catalytic reaction of Amplex ® Red and hydrogen peroxide with HRP. A He-Ne laser (5 mW, 05-LGP-173, MELLES GRIOT, USA) as the light source was used to generate excitation light of 543 nm. The fluorescence was transformed into an electric signal by a photomultiplier tube (H7422-40, Hamamatsu Photonics, Shizuoka, Japan). The electric signal was amplified by an inhouse-made amplifier, and recorded by a chromatographic data-processing system (CDS, L. A. soft, Chiba, Japan) (Fig. 2) .
The microscope employed an electric X-Y stage (ProScan Stage, Prior Scientific Corp., UK). The electric X-Y stage was driven by an inhouse-made program.
Fabrication of PDMS plate
In this study, the reaction occurred in nanoliter water pools constructed on a PDMS-coated glass slide. The precursor of PDMS and a curing agent were fully mixed at a mass ratio of 10:1. The mixture was degassed by a vacuum pump, and then 1.5 mL of the mixture was spin-coated (1000 rpm, 2 min) onto a slide glass (76 × 52 mm, 0.8 -1.00 mm thick, S9111, Matsunami Glass Ind., Ltd., Osaka, Japan) or cover glass (30 × 30 mm, 0.12 -0.17 mm thick, Matsunami Glass Ind., Ltd.), then cured at 85˚C for 1 h.
Results and Discussion
Minimizing of evaporation of the droplet
In this study, all reactions were induced in a droplet on the 92 ANALYTICAL SCIENCES JANUARY 2007, VOL. 23 PDMS surface ejected from the ink-jet microchip. It is necessary to minimize the evaporation of water in order to produce a reproducible reaction in a nanoliter droplet. However, the nanoliter droplet could not be directly weighed. Therefore, we estimated the water evaporation using a microliter water pool. A 10 μL portion of water containing 0 -70 wt% glycerin was pipetted into the bottom of a weigh bottle with a micropipette under a 40 and 80% RH. The weight change over 20 min was measured every minute by an electronic balance (BP211D, SARTORIUS K. K., Tokyo, Japan). A 10 μL portion of water was then pipetted into a weigh bottle. The weigh bottle was then placed in a desiccator at a constant humidity. The weigh bottle was sealed, and the weight was measured by an electronic balance. At 40% RH, the weight of the glycerin-free droplet decreased approximately 10% within 5 min (Fig. 3) . The increase in the glycerin concentration in the sample decreased the weight ratio of the droplet. This was probably due to the water-absorbing property of glycerin. At 80% RH, the weight decrease ratio of the glycerin-free droplet was almost zero. Consequently, controlling the humidity in the atmosphere and adding a hydrophilic molecule, such as glycerin, to the droplet is required to prevent the evaporation of water.
Measurement of the ejected droplet volume from an ink-jet microchip
The droplet volume ejected from the ink-jet microchip is significantly affected by the size of the ink-jet nozzle, the viscosity and the surface tension of the sample solution, as well as electric operation by the piezoelectric driver system. An estimation of the weight of one droplet was carried out as follows. At first, the total weight of the ink-jet microchip and sample bag was measured. Then, 64000 droplets containing a 0 -50 wt% aqueous glycerin solution were ejected from the inkjet microchip. The weight of one droplet was calculated by the weight from 64000 droplets and its density. The droplet volumes for each glycerin concentration of 0, 10, 20, 30, 40, and 50 wt% are given in Table 1 . The droplet volume increased with a decrease in the glycerin concentration, and the reproducibility of the glycerin-free sample was poorer than that of other samples. Sample solutions containing 0 -20 wt% glycerin sometimes failed to eject. However, increasing the concentration of glycerin in the sample caused an increasing viscosity, and reduced the diffusion coefficient of the constituents in the droplet. A sample solution containing 30 wt% glycerin was used from the viewpoint of stable ejection and the diffusion coefficient. The droplet volume of a sample solution containing 30 wt% glycerin was about 300 pL (RSD = 4.7%, n = 4). Large RSD values would be due to the estimation method of the droplets. Furthermore, the relative variation values among the 3 injection ports and the 3 different ink-jet microchips were 2.4 and 9.1% (RSD %, n = 4), respectively.
Construction of a nanodroplet surface-reaction system
In order to carry out reproducible reactions using a small droplet, it is necessary to reproducibly eject the same droplet volume at the same position to precisely and automatically control the ejection position. A laboratory-made ejection system, consisting of an electric X-Y stage including the ink-jet microchip, a microscopic fluorometric system and a PC controller was developed.
First, the ink-jet microchip was filled with a 0.1 mM Resorufin solution containing 30 wt% glycerin, and locked in the holder. The distance from the nozzle to the PDMS-coated glass plate was adjusted to 1 mm with a Z-axial stage. One droplet of the Resorufin solution was ejected on a PDMS-coated glass plate, and then the chip was moved 2.4 mm from the adjacent point, and another droplet was ejected onto a separate position. A total of 7 droplets were ejected onto 7 different points at intervals of 2.4 mm by the ejection system. Finally, the fluorescence intensity of each droplet was measured by the microscopic fluorometry system and an X-Y moving stage system. Figure 4 shows the fluorescence intensity of each droplet. The reproducibilities of the florescence intensities were 2.9% (RSD values, n = 7; applied voltage, 70 V).
The diameter of the 0.3 nL droplet was about 50 μm. Ejection of the droplet at intervals of 100 μm was possible. As a result, the ink-jet microchip could eject a total of 64 drops in 8 drops × 8 lines inside a 1 mm square. When the ink-jet microchip ejected at intervals of less than 100 μm, a single droplet formation was impossible due to fusion of the adjacent droplet.
Quantitative mixing of ejected droplets on the PDMS plate using the ink-jet microchip
As already described, the quantitative and reproducible ejection of droplets using the ink-jet microchip was confirmed. The quantitative mixing of nanoliter amounts of different solutions was examined by placing each droplet at the same position on the PDMS plate by ejection with different ink-jet nozzles. The inkjet-chip that we used had 4 ejection ports, and the distance between the ports was 0.995 mm. A correction of the distance was carried out by an electric X-Y stage and laboratory-made software. Two ink-jet ejection ports on a chip were used for quantitative mixing. A 0.1 M Tris buffer solution containing 30 wt% glycerin and 0.1 mM Resorufin containing a 30 wt% glycerin aqueous solution were used as samples. First, 40, 100, 150, 180, 196, and 198 droplets of the Tris buffer were ejected at 6 different points on the PDMS plate at intervals at 2.4 mm, and then 160, 100, 50, 20, 4 and 2 droplets of the Resorufin solution were sequentially added to the corresponding droplet using a different ink-jet nozzle by adjusting the injection position with the ejection system so as to form the same volume of droplets (200 droplets, 60 nL). Finally, the fluorescence from each droplet was measured by microscopic fluorometry. As a result, a linear relationship between the fluorescence intensity and the Resorufin concentration of the mixed droplets was found (r 2 = 0.999, n = 4) (Fig. 5) .
ELISA in a droplet on the PDMS surface by ink-jet ejection
In the next step, human IgA ELISA on the PDMS surface was performed by sequential ejection of each solution of the blocking reagent (BSA), human IgA, HRP labeled antibody (goat anti-human IgA conjugated HRP) and substrate (Amplex ® Red) at the same point on a PDMS-treated glass plate that was previously coated with an antibody (goat anti-human IgA). The Amplex ® Red reacted with H2O2 to form the fluorescent Resorufin by the catalysis of HRP.
The fluorescence intensity was proportional to the amount of HRP on the secondary antibody. The fluorescence from the droplet was measured by the fluorescence measuring system and the ink-jet microchip moving system. The antibody-coated PDMS cover glass was prepared by dipping the cover glass in the carbonate buffer solution of the antibody (10 μg/mL) for 1 h, and then washed 3 times with phosphate buffer.
A blocking solution (1% BSA in 0.05 M carbonate buffer, containing 30 wt% glycerin), human IgA antigen standards (500 ng/mL in 0.05 M Tris buffer, containing 30 wt% glycerin), a secondary antibody solution (100 ng/mL in 0.05 M Tris buffer, containing 30 wt% glycerin) and a substrate solution (0.1 mM Amplex ® Red in phosphate buffer containing 2 mM hydrogen peroxide and 30 wt% glycerin) were added to 4 microchannels, respectively.
In order to make the exact area hydrophilic, 400 droplets of the BSA solution were ejected onto the antibody-coated PDMS cover glass, and then the cover glass was stored in a constanthumidity box (80%) for 30 min and, finally, any residual droplet on the PDMS surface was wiped off with western blotting paper.
An antigen solution and blocking solution were ejected from different microchannels on the droplet of the blocking solution previously ejected onto the PDMS surface. In this operation, 3 different combinations of the number of droplets for the antigen and blocking solutions (0 and 200 for control, 5 and 195, 10 and 190, respectively) were examined. In the next step, 200 droplets of a secondary antibody solution were ejected onto the same point of the PDMS surface as an antigen solution. The PDMS plate was stored in the constant-humidity box (80%) for 1 h, and then washed 3 times with phosphate buffer. Finally, 200 droplets of the substrate solution were ejected onto the same point as the secondary antibody solution.
The result is shown in Fig. 6 . The fluorescence intensity corresponding to each antigen concentration was obtained after 205 s. This result indicates that the ELISA using nanoliter droplets shortened the reaction time necessary for the enzymesubstrate reaction by 1/10. This is due to the fact that the diffusion time of the substrate was shortened and the reaction efficiency was improved, which were caused by a surface reaction in the nanoliter droplet made from the ink-jet.
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In this paper, we have presented a surface-reaction system in a nanoliter droplet made by an ink-jet microchip. Compared to the conventional 96-well microtiter plate assay, this method shortened the reaction time necessary for the enzyme-substrate reaction and reduced the sample volume.
The system is expected to improve the speed, sensitivity, and cost of analyses in future, and will be used in a wide variety of fields.
